The mammalian target of rapamycin (mTOR) pathway is associated with castration-resistant prostate cancer (CRPC). Thirty-nine taxane-treated CRPC patients were enrolled in a phase II trial assessing the safety and efficacy of targeted therapy with the mTOR inhibitor, Ridaforolimus (Merck & Co, Inc/ARIAD Pharmaceuticals, Inc). Treatment with Ridaforolimus was generally well tolerated. No objective responses were observed, but some patients experienced disease stabilization. Ridaforolimus may be an option in combination therapy. Background: Few options are available after taxane-based therapy in men with CRPC. Genetic alterations involving the mTOR pathway have been associated with CRPC development, raising the hypothesis that blocking mTOR signaling may be an effective targeted approach to treatment. Patients and Methods: In this open-label phase II study, the mTOR inhibitor Ridaforolimus was administered at a dose of 50 mg intravenous once weekly to 38 patients with taxane-treated CRPC. The primary end point was best overall response according to modified Response Evaluation Criteria in Solid Tumors guidelines. Serum prostate-specific antigen levels were prospectively monitored as a biomarker for cancer activity. Results: No objective responses were observed, but 18 patients (47.4%) had stable disease as their best response. Based on progression-free survival analysis, median time to progression with Ridaforolimus was 28 days (95% confidence interval, 27-29). Eight patients (21.1%) had stable disease as their best overall prostatespecific antigen response. The median number of days from first to last dose was 109.5 days (range, 1-442 days). Ridaforolimus was generally well tolerated, with a safety profile similar to that observed in patients with advanced malignancies. The most common side effects were typically mild or moderate in severity. Conclusions: Ridaforolimus was generally well tolerated. Treatment did not produce objective responses, but stable disease was observed in some patients with taxane-treated CRPC. Alternative treatment regimens, such as combination therapy with a taxane or in a maintenance treatment paradigm, should be considered for further evaluation in this patient population.
Introduction
Prostate cancer is the most common malignancy and the second leading cause of cancer death among men in the United States; in 2010, an estimated 217,730 new cases were diagnosed and 32,050 men were expected to die from the disease. 1 Although most cases are diagnosed at a local stage, approximately 4% of patients present with metastatic disease. 2 spite previous surgery, radiation therapy, and androgen deprivation. The progression to castration-resistant prostate cancer (CRPC) marks a clinical acceleration of disease associated with a poor outcome. First-line treatment for CRPC typically consists of 3-week docetaxel in combination with prednisone. 3 Other treatment regimens for CRPC patients include 3-week docetaxel and estramustine and 3-week mitoxantrone and prednisone. 3 Despite high response rates to these regimens, patients eventually develop progressive disease (PD), with a median time to progression of 6 to 8 months and a median survival time of only 17 to 19 months. 4 -6 Cabazitaxel and abiraterone acetate are recommended as a second-line treatment for CRPC. 3 However, no consensus exists regarding the best approach after docetaxel failure; current options include second-line hormonal therapy, use of a taxane, or immunotherapy. There continues to be a need for additional therapies in this setting, with targeted therapy representing a potentially viable option. Multiple genetic alterations have been associated with the development of CRPC, including loss of the tumor suppressor phosphatase and tensin homolog (PTEN), amplification of protein kinase B (Akt), and, less frequently, mutations of phosphatidylinositol 3-kinase (PI3K). [7] [8] [9] Preclinical studies show that mammalian target of rapamycin (mTOR) inhibitors suppress proliferation of aggressive CRPC cell lines and also act either additively or synergistically with taxanes and antiandrogens in prostate cancer models. 10 -17 The mTOR inhibitor RAD001 (everolimus) was shown to reverse Aktdependent prostate intraepithelial neoplasia in a murine model in which human AKT1 was expressed in the ventral prostate. 18 These observations suggest that agents targeting the PI3K/Akt/mTOR pathway might be effective in CRPC and might restore sensitivity to taxanes and/or antiandrogens. Ridaforolimus (AP23573, MK-8669, formerly deforolimus; Merck & Co, Inc/ARIAD Pharmaceuticals, Inc) is an mTOR inhibitor that has been shown to reduce cancer cell proliferation in both in vitro and in vivo experimental models. 19 In phase I trials, Ridaforolimus was well tolerated by patients with advanced malignancies. 20, 21 Results from these trials provided preliminary evidence of clinical benefit, typically reflected by disease stabilization. The present phase II trial was designed to assess the antitumor activity, safety, and tolerability of once-weekly Ridaforolimus in patients with taxanetreated CRPC.
Patients and Methods

Patients
Male patients aged 18 years or older with histologically documented adenocarcinoma of the prostate were eligible if they were clinically refractory to hormone therapy (orchiectomy or luteinizing hormone-releasing hormone agonist/antagonist) and had progressive disease after a cytotoxic chemotherapy regimen. Eligibility also required metastatic disease with either measurable lesions or prostatespecific antigen (PSA) 5 ng/mL or greater; previous treatment with at least 1 taxane-containing regimen and not more than 3 additional cytotoxic drug regimens; and previous orchiectomy or maintenance of castrate levels of testosterone less than 50 mg/dL by luteinizing hormone-releasing hormone agonist/antagonist therapy. Patients who were not surgically sterile had to agree to use reliable birth control methods for the duration of the study until 30 days after the last dose of study drug. Patients were excluded if they had received previous therapy with rapamycin (a rapamycin analog or tacrolimus) or had ongoing toxicity associated with previous anticancer therapy. Patients were also excluded if they had received previous nonhormonal anticancer therapy or any investigational agent within 4 weeks of the first dose of Ridaforolimus (or within 6 weeks for nitrosourea or mitomycin). For patients treated with antiandrogens, a withdrawal period of at least 4 weeks for flutamide, or 6 weeks for bicalutamide or nilutamide, must have elapsed before study entry.
Study Design
This open-label, nonrandomized, single-arm, phase II trial was conducted at 4 centers in the United States (http://ClinicalTrials.gov identifier: NCT00110188; registration date May 4, 2005) . Patients were screened for eligibility within 14 days of receiving their first dose of study medication. Eligible patients received Ridaforolimus once weekly at a fixed dose of 50 mg via a 30-minute intravenous infusion, with each treatment cycle defined as a 4-week period consisting of 4 weekly Ridaforolimus infusions. All patients were scheduled to receive at least 2 cycles of treatment in the absence of early disease progression or unacceptable toxicity and were allowed to continue treatment unless there was evidence of disease progression or other discontinuation criteria (eg, unacceptable toxicity, need for radiation therapy for pain management, grade 3 or 4 hypersensitivity, noncompliance with treatment or study procedures, withdrawn consent). Patients with increases in PSA as the only evidence of disease progression were allowed to continue treatment at the discretion of the investigator. Patients were followed for up to 24 months to collect survival data and ensure resolution of any adverse events (AEs). Follow-up visits were scheduled weekly during the treatment period and at 1, 3, 6, 12, 18, and 24 months after treatment completion. Dose interruption or reduction was allowed in the event of AEs. The dose of Ridaforolimus was delayed for up to 2 weeks in the event of grade 1 or 2 AEs that could not be controlled by optimal supportive care, were associated with intolerable symptoms, or interfered with normal daily activities. In these instances, Ridaforolimus was resumed at a reduced dose of 25 mg weekly. For grade 3 or 4 AEs, the dose of Ridaforolimus was reduced to 25 mg or treatment was discontinued. Drug administration could be delayed for up to 2 weeks in order to allow AE symptoms to decrease to grade 1 or resolve. Increases in dose were not allowed when the dose had been reduced, and treatment was discontinued if further dose interruptions were necessary after dose reduction.
The study was conducted in accordance with the principles of the Declaration of Helsinki and its amendments and in compliance with International Conference on Harmonisation, Good Clinical Practices, and all applicable regulatory guidelines. The protocol, its amendments, and the patient informed consent form were reviewed and approved by an independent ethics committee or institutional review board at each site before patients were allowed to enroll at that site. All patients provided written informed consent before participating in this study.
Efficacy Assessments
The primary efficacy end point for the trial was the best overall response determined at the end of even-numbered cycles, assessed using the modified Response Evaluation Criteria in Solid Tumors 1.0 (RECIST). 22 Secondary efficacy end points included time to tumor progression, duration of response, progression-free survival (PFS), overall survival (OS), and quality-of-life assessments. An additional end point was the best overall PSA response. Baseline PSA values were measured at screening (before the first dose of Ridaforolimus) and at the end of each treatment cycle; changes were measured at the beginning of every cycle. Results are reported according to the most recent consensus guidelines (Prostate Cancer Clinical Trials Working Group 2). 23 All known sites of disease were assessed using appropriate radiologic procedures (computed tomography scan, magnetic resonance imaging, and/or bone scan) within 28 days of the first dose of study medication and by physical examination within 21 days for palpable lesions. Patients without documented disease progression at the 1-month follow-up visit continued to have disease assessments every 2 months until PD was documented or another anticancer therapy was initiated.
Safety Assessments
Patients were monitored throughout the study for the occurrence of AEs, which were graded according to the National Cancer Institute Common Terminology Criteria for Adverse Events, version 3, and characterized according to their relationship to study medication by the investigator. Safety assessments also included physical examinations, vital signs, 12-lead electrocardiogram, chest x-ray, slit-lamp ophthalmologic examinations, and clinical laboratory testing. The safety evaluations were repeated when patients discontinued study treatment and at the 1-month follow-up visit.
Statistical Analyses
Given the absence of established phase II trial designs in the CRPC patient population, the sample size for this study was primarily based on clinical rather than statistical considerations. With a null hypothesis that the response rate is 5% (ie, treatment is not effective), a sample size of 30 evaluable patients was chosen to provide a statistical power of 0.82 for detecting a 22% response rate in a 1-sided Fisher's exact test at a significance level of 0.05.
The overall response rate was determined for all patients and in the subset of evaluable patients who received at least 2 cycles of study drug and completed at least 1 response evaluation or otherwise discontinued early because of disease progression. Prostate-specific antigen responses were evaluated in patients with baseline PSA of 5 ng/mL or greater. The Kaplan-Meier method was used to estimate time-to-event parameters, including time to disease progression, duration of response, PFS, and OS. All statistical tests were performed using 2-sided tests controlling for type I error at the 0.05 level. Safety parameters were evaluated in all patients who received at least 1 dose of Ridaforolimus. Adverse events were coded according to body system and preferred term using the Medical Dictionary for Regulatory Activities (MedDRA, version 8.1) and then analyzed using descriptive statistics.
Results
Patient Baseline Characteristics and Disposition
A total of 39 patients were enrolled and 38 received treatment with Ridaforolimus; 1 patient was not treated because he had an Eastern Cooperative Oncology Group performance status greater than 2 and did not meet eligibility criteria (Figure 1 ). Patient demographic and baseline clinical characteristics are presented in Table 1 . Most patients in the study cohort were white (34, 89.5%) and included 23 patients (60.5%) 65 years or older. All patients had metastatic disease, including 35 patients (92.1%) with bone metastases and 16 (42.1%) with lymph node metastases. All patients had received previous chemotherapy; other previous treatments included surgery (36, 94.7%), radiation therapy (25, 65.8%), hormone therapy (36, 94.7%), antiandrogens (29, 76 .3%), and immunotherapy (11, 28.9%). Twenty-seven patients (71.1%) discontinued treatment because of disease progression, 9 patients (23.7%) discontinued because of AEs, 1 patient discontinued because of the investigator's decision based on 3 consecutive rising PSA values, and 1 patient withdrew consent.
Efficacy
For the primary efficacy end point, best overall response rate, all 38 patients who received at least 1 dose of Ridaforolimus were considered for assessment (Table 2 ). Fourteen patients (36.8%) could not be assessed for best overall response because they did not have target lesions that met measurable criteria. No objective responses were observed: 18 patients (47.4%) had stable disease as their best overall response, whereas 5 patients (13.2%) demonstrated PD and 1 patient was not evaluable. Patients assessed by computed tomography scan, magnetic resonance imaging, and/or bone scans were determined to have stable disease if the criteria were met after a minimum 
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interval of 8 weeks from the start of treatment. Progression-free survival, analyzed as 1 of the secondary end points, demonstrated a median PFS of 28 days (95% confidence interval, [27] [28] [29] in the cohort of patients in this study treated with Ridaforolimus ( Figure  2 ). Of note, for PFS analysis, patients were considered to have progressed based on either radiologic evidence assessed by RECIST, or increases in PSA levels. Changes in serum PSA were also analyzed as a secondary efficacy end point for all 38 patients enrolled in the trial with baseline PSA of 5 ng/mL or greater (Table 3) . Eight patients (21.1%) had stable disease as their best overall PSA response, whereas 23 patients (60.5%) had PSA progression. PSA responses could not be evaluated or assessed in the other 7 patients. 
Safety
The median duration of Ridaforolimus treatment, calculated from the day of the first dose to the day of the last dose, was 109.5 days (range, 1-442 days). Ridaforolimus was administered for a median of 16 doses (range, 1-64 doses) and the median cumulative dose was 725 mg (range, 50 -3200 mg). Three patients discontinued after 1 cycle of treatment: 1 patient because of PD, 1 patient because of a Abbreviations: CI ϭ confidence interval; CRPC ϭ castration-resistant prostate cancer; PFS ϭ progression-free survival.
Table 3 Treatment Response by PSA Levels
Treatment Response Ridaforolimus (N ‫؍‬ 38) Number of Patients, n (%)
treatment-related AE (mucosal inflammation), and 1 patient because of a non-treatment-related AE (respiratory failure).
Treatment-emergent AEs (TEAEs) were reported by all 38 patients who received at least 1 dose of Ridaforolimus. The most common were anemia, thrombocytopenia, neutropenia, fatigue, mucosal inflammation, nausea, peripheral edema, rash, diarrhea, and constipation (Table 4) . Grade 3 to 4 hematologic (eg, thrombocytopenia, neutropenia) and nonhematologic (eg, fatigue, hypertriglyceridemia, hyperglycemia, hypokalemia) TEAEs were also reported with Ridaforolimus treatment. Potential mTOR inhibitor class effects, including oral-related side effects, skin disorders, metabolic events, and pneumonitis, were analyzed separately. Oral AEs consisted of mucosal inflammation (22, 57.9%), mouth ulceration (8, 21.1%), stomatitis (7, 18 .4%), and tongue ulceration (2, 5.3%), all of which were grade 1 or 2 except for 1 patient with grade 3 mucosal inflammation. All oral side effects were considered to be treatment-related, and all events resolved without sequelae. Skin disorders were reported in 26 patients (68.4%), most commonly as rash (17, 44 .7%), nail disorder (8, 21.1%), or dry skin (5, 13.2%). Metabolic disorders reported by Ridaforolimus-treated patients included hypertriglyceridemia (8, 21 .1%), hyperglycemia (7, 18 .4%), and hypercholesterolemia (4, 10.5%). Grade 1 pneumonitis was reported in 1 patient.
In 6 (15.8%) of the 9 patients (23.7%) who discontinued treatment as a result of TEAEs, the events were determined by the investigator to be related to study drug. In the other 3 patients, AEs associated with treatment discontinuation were considered unrelated to study medication; specific AEs leading to discontinuation and their relationship to study medication are summarized in Table 5 . Two patients had dose reduction (1 with grade 2 and 1 with grade 3 mucosal inflammation) and 2 patients had their dose delayed (1 with grade 2 mucosal inflammation and 1 with grade 2 mouth ulceration). Eight patients who were enrolled in the study died, including 1 patient within 30 days of the last dose of study treatment. All deaths were due to disease progression, and none were considered to be treatment-related. Nine patients (23.7%) experienced serious AEs, but in only 2 cases were these events considered to be at least possibly related to treatment. One patient had grade 4 hypertriglyceridemia that resolved after a dose reduction and delay and grade 3 hyperglycemia that resolved with sequelae after no action was taken. The other patient had grade 1 orthostatic hypotension that resolved without treatment. No safety issues were identified from physical examinations, vital signs, 12-lead electrocardiogram, and slit-lamp ophthalmologic evaluations. One patient had inflammation at the infusion site, which occurred once during cycle 22 and was reported as grade 1 erythema.
Discussion
This phase II study evaluated single-agent therapy with Ridaforolimus in heavily pretreated patients with metastatic CRPC that had progressed after previous taxane-based therapy. Patients enrolled in the trial had received no more than 3 other anticancer therapies, including other cytotoxic chemotherapy, hormonal therapy, antiandrogens, small-molecule targeted therapy, and monoclonal antibodies. The results of this trial demonstrate that Ridaforolimus may delay disease progression in some patients with taxane-treated CRPC. Ridaforolimus was generally well tolerated; the most common side effects-all typically mild or moderate in severity-included fatigue, mucositis, nausea, peripheral edema, rash, and diarrhea. The safety profile observed in this patient population is 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 
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consistent with that reported in a phase I trial of patients with advanced malignancies, in which Ridaforolimus was administered using a once-weekly regimen similar to the schedule used in the current phase II trial. 21 After initiation of this trial, an oral formulation of Ridaforolimus at a dose of 40 mg once daily 5 times per week was selected for testing in a large phase III study in sarcoma patients. The oral dose of Ridaforolimus has not been tested in taxane-treated CRPC patients; therefore, it is yet to be established whether this formulation would produce better treatment responses in this patient population.
Although objective responses were not observed, 8 patients (47%) treated with Ridaforolimus had no disease progression based on RE-CIST guidelines, and 8 patients (21%) maintained stable PSA levels. Changes in PSA values may depend on multiple factors, including the nature of previous interventions, and therefore may not correlate with radiologic assessments. 24 This may be particularly true for cytostatic agents, which may modulate PSA levels independently of influencing tumor cell growth or survival. 23 In addition, clinical studies have shown a direct effect of rapamycin on PSA levels in men without prostate cancer. 25 Interestingly, evidence suggests that PSA levels are mediated by an mTOR-dependent increase in PSA transcription. 26, 27 Ridaforolimus may trigger a similar mechanism, which may explain the elevated PSA levels observed in patients treated with Ridaforolimus in this trial. Moreover, mTOR inhibitors differ from cytotoxic chemotherapeutic drugs in that they typically produce cytostatic effects. 10 Consequently, mTOR inhibitors are expected to stabilize disease rather than induce early tumor shrinkage. Therefore, clinical benefit, defined as objective response plus stable disease that lasts 16 weeks or longer, may be a more appropriate measure of the antitumor activity of mTOR inhibitors rather than classical responses, based on RECIST, that were developed to evaluate cytotoxic agents. 28 Based on available evidence, several potential options can be considered to further evaluate Ridaforolimus in CRPC. Ridaforolimus can be evaluated in combination with a taxane to determine if it restores chemosensitivity. In experimental studies using prostate cancer cells and xenografts, the combination of an mTOR inhibitor with docetaxel was found to be more effective than either agent alone. 10, 14, 16 Preclinical studies showing promising results with Ridaforolimus in combination with a taxane would further support its potential use in combination therapy. In other solid tumors, such as breast cancer and non-small-cell lung cancer, patients with no disease progression after first-line chemotherapy may receive maintenance therapy to extend the time to disease progression. Analogous to sarcoma, Ridaforolimus could be evaluated in a maintenance paradigm, in which patients without disease progression after a fixed number of cycles of taxane-based therapy would be started on Ridaforolimus. Temsirolimus, another mTOR inhibitor, is currently being evaluated in patients with CRPC as maintenance therapy for patients with responses to first-line docetaxel-based therapy.
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Conclusion
Results from this trial demonstrate that treatment with Ridaforolimus (50-mg dose) administered intravenously once weekly did not produce objective responses. Stable disease was observed in some patients with taxane-treated CRPC. Ridaforolimus was generally well tolerated in this patient population, with a safety profile similar to that observed in patients with advanced malignancies. By blocking mTOR signaling in the PI3K/Akt/mTOR pathway, patients treated with Ridaforolimus may achieve only stable disease. Future clinical trials in patients with CRPC could assess the benefit and safety profile of Ridaforolimus in combination with other chemotherapies (eg, taxanes or targeted agents). Trials exploring new treatment paradigms for CRPC may also be considered with mTOR inhibitors, such as Ridaforolimus.
Clinical Practice Points
• Limited treatment options are available for patients with advanced prostate cancer disease because of acquired resistance or intolerance to established therapies.
• Molecular studies indicate that genetic aberrations involving phosphatase and tensin homolog, PI3K, and Akt may play a role in the development of CRPC, suggesting that the PI3K/Akt/mTOR pathway may be a therapeutic target.
• Results from this trial demonstrate that some patients with taxanetreated CRPC experienced disease stabilization after treatment with Ridaforolimus, an mTOR inhibitor that has demonstrated antitumor activity in patients with solid tumors.
• Intravenous administration of Ridaforolimus was safe, with an acceptable toxicity profile in this patient population.
• Although objective responses were not seen, the tolerability of Ridaforolimus suggests that maintenance or combination therapy trials may be considered for patients with recurrent or taxanetreated CRPC.
